INTRODUCTION
============

Parkinson\'s disease (PD) is a neurodegenerative disease in the central nervous system (CNS), characterized by dopaminergic neuronal loss in the nigrostriatal system with clinical symptoms such as resting tremor, rigidity, akinesia, and disturbances of postural reflex \[[@B1]\]. These deficits might be compensated for by adjustments that are typical for PD, including widened stance, increased ratio of support period to stride period, exaggerated activities of the thigh and leg muscles, and low walking speed \[[@B2]\].

The human pathological features of PD can be mimicked in rats by injection of the neurotoxin 6-hydroxydopamine (6-OHDA) to induce striatal dopamine depletion \[[@B3]\]. The injections are usually made unilaterally and so affect motor performance on the contralateral side of the body, including skilled fore- and hindlimb use \[[@B4]\] and sensorimotor functions \[[@B5]\]. Rats with unilateral 6-OHDA lesions exhibit characteristic gait disturbances during overground locomotion such as compensatory weight support shifts to the unaffected side during propulsion and turning \[[@B5]\]. Recent studies have provided evidence that muscle strength is reduced in patients with PD compared with age-matched controls even at early stages of the disease and in the unaffected side \[[@B6]\] and we also reported that contralateral soleus muscle atrophy occurs at 21 days after establishing the PD rat model with unilateral 6-OHDA lesions \[[@B7]\], supporting that muscle atrophy is present in PD patients. However, there are few studies on the recovery of muscle atrophy induced by PD.

Physical exercise has been shown to exert neuroprotective effects, enhance neurogenesis \[[@B8],[@B9]\], and increase angiogenesis \[[@B10],[@B11]\]. Several trophic factors might be involved in the rationale for mechanisms of these beneficial effects of exercise \[[@B12]\]. A meta-analysis demonstrated that exercise might improve physical functions, health-related quality of life, strength, balance, and gait speed of PD patients \[[@B13]\].

Thus, we examined whether exercise could recover the muscle atrophy in the PD animal model and which signaling pathway is involved in the recovery of atrophied muscle.

METHODS
=======

Animal experiments
------------------

Male Sprague-Dawley rats (Daehan Experimental Co., Korea) 260±15 g (8 weeks) were used for the experiment. The animals were housed under laboratory conditions at a controlled temperature (20±2℃) and maintained under light-dark cycles, 12 hours of each (from 07:00 to 19:00 h). Water and pellets (Samyang Co., Cheonan, Korea) were provided *ad libitum*. The experimental procedures were performed in accordance with the animal care guidelines of the National Institute of Health (NIH) and carried out with a prior approval from the Institutional Animal Ethical Committee of Dongguk University (IRB No. 2009-1116). Rats were assigned randomly to an exercise (n=9) and control group (n=9). All rats had inducing operation of Parkinson\'s disease performed. Exercise group started treadmill training at 5 days after 6-OHDA lesioning and continued for 16 days twice per day for 30 minutes at 10 m/minute and at a grade of 10, whereas control group received no treatment after operation. The body weights were measured twice a week by a rat digital balance (Daejong instruments, Seoul, Korea). Food pellets were weighed and a consistent amount added to the food tray. Food intake was measured twice a week for 21 days and the total amount across the 21 days was used in the data analysis.

Induction of Parkinson\'s disease and behavior test
---------------------------------------------------

Rats were anesthetized with Rompun (Vial Korea, 10 mg/kg) plus Zoletil 50 (Virbac Korea, 25 mg/kg) intramuscular injection and given a unilateral stereotaxic injection of 20 µg 6-OHDA (4 µg/µl) with 0.2 mg/ml L-ascorbic acid into the left striatum (AP 0.7, ML 2.6, DV 4.5; all coordinates represent millimeter adjustments from bregma) at a rate of 0.5 µl/min using a 26-gauge Hamilton syringe. The day after stereotaxic injection, amphetamine-induced rotation test was performed \[[@B7]\] and rats showing rotation rate more than 5 times/min were selected for experiments (average rate is 7±2). After finishing exercise, amphetamine-induced rotation test was also performed. In the exercise group, rotation rate was significantly reduced compared with that of control group ([Table 1](#T1){ref-type="table"}).

Muscle weight and cross-sectional area of Type I and II fibers
--------------------------------------------------------------

Rats were anesthetized intraperitoneally with sodium pentobarbital (50 mg/kg, supplemented as required) at 22 days after 6-OHDA lesioning. The soleus and plantaris muscles were excised bilaterally, the wet mass of individual muscles was obtained, and the tissue was rinsed with normal saline. Following muscle dissection, sodium pentobarbital was supplemented intraperitoneally to euthanize the rats. The weights of dissected individual muscles were measured using a microbalance (Mettler PE 160, Columbus, OH, USA) after fat and connective tissues were trimmed.

The method that we used for measuring the cross-sectional areas of Types I and II muscle fibers was described in Kim and Choe \[[@B7]\]. From each muscle, a portion was cut transversely from the midsection, mounted in wooden pieces and quick frozen by immersion in isopentane cooled with liquid nitrogen. Transverse sections 10 µm thick were sectioned in a cryostat at -20℃, adhered to cover glasses, thawed, and air-dried at room temperature for 30 min. Acid-stable myosin ATPase reactions were performed on serial sections and fibers were classified as Type I (slow-twitch) or Type II (fast-twitch) based on this reaction.

Pre-incubation was carried out for 5 min in a medium of both pH 4.3 and pH 4.6 acetate buffer. The medium contained 200 mM acetate, and pH was adjusted by 2 M HCl. The sections were then rinsed with normal saline. Incubation was carried out for 30 min at 37℃ in a medium that contained 1.1 M sodium barbiturate 20 ml, 180 mM CaCl~2~ 10 ml and 152 mg ATP. The pH was adjusted to 9.4. Sections were rinsed with normal saline following the incubation then rinsed with 1% CoCl~2~ once every 2 min for 6 min (i.e., a total of three times). Sections were reacted with 2% CoCl~2~ for 3 min and then rinsed with normal saline five times. Sections were allowed to react with 2% ammonium sulfate for 2 min and then rinsed with normal saline five times.

Following histochemical staining and incubations, sections were dehydrated through a series of ethanol concentrations from 70% to 100%, cleared in xylene and mounted. Type I fibers were identified as those staining dark, while Type II fibers were identified as those staining light in ATPase reactions after pre-incubation. Fiber cross-sectional area was calculated from tracings of 50\~100 muscle fibers at 100× magnifications by microscopic image analyzer (Leity, ASM 68k, Netzler).

Tyrosine hydroxylase (TH) expression by immunohistochemistry
------------------------------------------------------------

Rats were anesthetized intraperitoneally with sodium pentobarbital (50 mg/kg, supplemented as required) at 22 days after 6-OHDA lesioning. After dissecting muscles, rats were perfused transcardially with 4% paraformaldehyde in 0.05 M phosphate buffer (PB) for brain isolation. The brains were removed, postfixed, and cryoprotected. Immunohistochemistry was performed by using free-floating cryomicrotome-cut sections (40 mm thickness) that encompassed the entire substantia nigra (SN). After incubation with 3% H~2~O~2~ in 0.05 M PBS, the sections were stained overnight at room temperature (RT) using an anti-TH (1:1,000; Santa Cruz Biotechnology, Santa Cruz, CA, USA) primary antibody for dopamine (DA) neurons. The Vectastain Elite ABC kit (Vector Laboratories, Burlingame, CA, USA) was used as the secondary antibody. For visualization of TH protein, 3,3\'-Diaminobenzidine (DAB) staining method was used. Diaminobenzidine is oxidized by hydrogen peroxide in the presence of hemoglobin to give a dark-brown color.

Protein expression and phosphorylation by Western blot analysis
---------------------------------------------------------------

For western blotting, the striatum and muscle tissues were homogenized in lysis buffer containing 50 mM Trisbase (pH 7.5), 150 mM NaCl, 2 mM EDTA, 1% glycerol, 10 mM NaF, 10 mM Na-pyrophosphate, 1% NP-40 and protease inhibitors (0.1 mM phenylmethylsulfonylfluoride, 5 µg/ml aprotinin, and 5 µg/ml leupeptin). Thirty µg of cell lysates were electrophoresed in 10% SDS-polyacrylamide gels and transferred to nitrocellulose membranes which were then incubated with anti-TH (1:1,000; Santa Cruz Biotechnology, Santa Cruz, CA, USA), anti-phospho-MAPK, anti-MAPK, anti-phospho-Akt, anti-Akt, anti-phosph-GSK3β (Ser 9), anti-GSK3β (Cell signaling technology, Beverly, MA, USA), anti-MHC (Abcam, Cambridge, UK) and anti-β actin (Sigma, St. Louis, MO, USA) for 16 h at 4℃. After washing with TBS-T (0.05%), the blots were incubated with horseradish peroxidase-conjugated anti-rabbit or anti-mouse IgG, and the bands were visualized using the ECL system (Thermo Fisher Scienctific, USA). Band images were obtained by using Molecular Imager ChemiDoc XRS+ (Bio-Rad, Hercules, CA, USA) and band intensity was analyzed by Image Lab™ software version 2.0.1 (Bio-Rad).

Data analysis
-------------

All statistical analyses were conducted with SPSS (ver. 19, Somers, NY, USA). Values are expressed as means±SEM. Independent t-tests were used to compare the exercise and control groups. Statistical significance was accepted at a p value less than .05.

RESULTS
=======

Body weight and dietary intake
------------------------------

As shown in [Table 2](#T2){ref-type="table"}, there was no significant difference on body weight between exercise and control groups at the first day of the experiment (t=1.691, p=.113). Two groups demonstrated a significant increase in body weight between pre-experiment and post-experiment: weight of the exercise group increased by 140.0% (p\<.01), that of the control group increased by 155.5% (p\<.01). There was no significant difference on body weight on 22 days following exercise between the exercise and control groups (t=1.854, p=.095). As presented in [Table 3](#T3){ref-type="table"}, there was no significant difference on total dietary intake between exercise and control groups (t=0.327, p=.523).

Muscle weight and cross-sectional area of type I and II fibers
--------------------------------------------------------------

Muscle weights of the exercise and control group are shown in [Table 4](#T4){ref-type="table"}. The weight of right (contralateral) soleus muscle was 14% greater in the exercise group than in the control group (t=2.192, p=.046). There are no significant differences of right plantaris, left (ipsilateral) soleus, and left plantaris muscles between exercise and control groups. Cross-sections of the soleus and plantaris muscles from rats in the exercise and control groups are shown in [Fig. 1](#F1){ref-type="fig"}. As presented in [Table 5](#T5){ref-type="table"}, the cross-sectional area of the Type I fiber and Type II of right soleus muscle of the exercise group was greater than that of the control group (t=3.237, p=.010; t=2.866, p=.019).

TH immunohistochemistry and immunoblot
--------------------------------------

The effects of exercise in 6-OHDA-injected rat were judged by immunohistochemistry of TH-positive DA neurons in the SN and immunoblot analysis of TH in the striatum. Photomicrographs of TH-positive neurons in the SN are shown in [Fig. 2](#F2){ref-type="fig"}. The 6-OHDA-injected lesioned SN had significantly fewer TH positive neurons, as compared with the intact SN (p\<.01). However, exercise groups had significantly greater TH positive neurons in the lesioned SN, as compared with the control group (p\<.01; [Fig. 2](#F2){ref-type="fig"}). In addition, exercise significantly increased TH expression level in the lesioned striatum, as compared with the control group (p\<.01; [Fig. 3](#F3){ref-type="fig"}).

Phosphorylation of GSK3β and ERK in the striatum
------------------------------------------------

To determine the effect of exercise on the recovery of TH-positive neurons, we observed phosphorylation level of glycogen synthase kinase (GSK) 3β and extracellular signal-regulated kinases (ERKs) in the striatum. There was no significant difference on the GSK3β phosphorylation between lesioned and intact striatum in control group, but exercise significantly increased it in the striatum ([Fig. 4A](#F4){ref-type="fig"}). Moreover, in the lesioned striatum, ERK phosphorylation decreased, but exercise significantly recovered ERK phosphorylation (p\<.01; [Fig. 4B](#F4){ref-type="fig"}).

Phosphorylation of Akt and ERK in the soleus
--------------------------------------------

To examine the signaling pathway activated by exercise on the recovery of atrophied muscle, we examined the phosphorylation level of Akt and ERK in the soleus muscle. In the no treated rat, Akt and ERK phosphorylation decreased in the contralateral soleus muscle, but exercise recovered it ([Fig. 5A](#F5){ref-type="fig"}). To confirm the recovery of atrophied muscle, the expression level of myosin heavy chain (MHC) was examined in the muscle. MHC isoforms have myosin adenosinetriphosphatase activities correlated with the speed of muscle fiber shortening \[[@B14]\]. Therefore, the MHC expression has been used as a phenotypic marker for functional aspects of muscle fibers and has been changed in the regenerated muscle fiber \[[@B15]\]. As shown in [Fig. 5B](#F5){ref-type="fig"}, MHC expression decreased in the contralateral soleus muscle of control rat, but exercise recovered it. Interestingly, exercise induced MHC expression by 1.5 fold in the left soleus muscle compared with that of control ([Fig. 5B](#F5){ref-type="fig"}).

DISCUSSION
==========

In this study, we demonstrated that exercise significantly increases in the number of tyrosine hydroxylase positive neuron and phosphorylates GSK3β and ERK in the striatum, and recovers atrophied contralateral soleus. Moreover, exercise recovered the decreased level of Akt and ERK phosphorylation in the contralateral soleus muscle.

Rats with unilateral DA depletions (hemi-Parkinson rats) display impairments in their contralateral hindlimbs in adjusting posture and moving \[[@B4]\]. They compensate by supporting themselves mainly on their ipsilateral hindlimb. Thus, their center of gravity is shifted to the ipsilateral side and movement is preferentially directed toward the ipsilateral side, in part to maintain equilibrium and in part to remove weight from the contralateral limbs so that they can enter the swing phase of the stepping cycle. It is proposed that the contralateral limbs may be unable to apply force to adjust posture and produce movement \[[@B4]\]. In addition, we also examined the decreased locomotor activity and contralateral hindlimb soleus muscle atrophy in the hemi-Parkinson rats \[[@B7]\], suggesting that hemi-Parkinson rats display impairments in locomotion activity and it results in muscle atrophy including reduction of muscle protein synthesis and stimulation of muscle protein degradation \[[@B16]\].

Systematic reviews have found that exercise programs which specifically target balance and lower limb muscle strength are effective in preventing falls in the general older population \[[@B17],[@B18]\]. In people with PD, lower limb muscle strength and regular exercise are significantly correlated with physical abilities \[[@B19]-[@B21]\], therefore highlighting the role of exercise as an appropriate intervention in this population. Exercise has been shown to improve balance \[[@B22],[@B23]\] and strength \[[@B24],[@B25]\] and cueing training has been shown to improve freezing of gait in people with PD \[[@B19]\].

Several studies have shown that regular aerobic exercise improve the brain volume, besides preventing brain tissue loss when compared older people training aerobically with sedentary by using high-resolution magnetic resonance imaging scans \[[@B26]\] and induce neurotrophic factors that benefit glutamatergic neurons which in turn improves neural learning and function \[[@B27]\] and angiogenic effects \[[@B11]\]. Moreover, it has been reported that exercise promotes neuroplasticity \[[@B28]\] and improves cognitive functioning; especially the executive processes \[[@B29]\]. In addition, exercise using treadmill also demonstrated significant cell proliferation in the brain \[[@B30]\] and might be good for traumatic brain injury rat model by up-regulation of brain-derived neurotropic factor (BDNF) \[[@B31]\] and Parkinson\'s disease rat model by up-regulation BDNF and glial cell line-derived neurotrophic (GDNF) in the striatum \[[@B32]\]. Previously, it has been reported that BDNF receptors are coupled to glycogen synthase kinase (GSK) 3β phosphorylation in granule neurons through both PKC and PI3K/Akt dependent mechanisms \[[@B33]\] and also ERK activation which is necessary for BDNF-induced dendritic spine density in hippocampal CA1 pyramidal neurons \[[@B34]\]. In this study, we also examined that exercise recovered 6-OHDA-induced dopamine neuron loss and phosphorylated GSK3β and ERK in the striatum. GSK3β is a multifunctional serine/threonine kinase and participates in diverse cellular processes and important signaling pathways linked to a number of medical disorders, such as diabetes, cancer, mood disorders, schizophrenia, and neurodegeneration. Using an in vitro model of PD, 6-OHDA activates GSK3β in cultured human neuroblostoma SH-SY5Y cells as well as rat cerebellar granule neurons \[[@B35]\] but not in vivo 6-OHDA-induced PD model \[[@B36]\]. Moreover, GSK3β mediates 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-induced neuronal death in vitro and in vivo \[[@B37],[@B38]\] and intraperitoneal administration of specific inhibitors for GSK3β, indirubin-30-oxime and AR-A014418 in mice, prevents dopaminergic neurons in the SN from MPTP-induced apoptosis and restores the depletion of striatal dopamine and ameliorates behavioral impairments caused by MPTP \[[@B37]\]. In the present study, we examined the phosphorylation levels of GSK3β and ERK in the striatum after exercise training. Exercise using treadmill also demonstrated significant up-regulation of BDNF and GDNF in the SN and striatum in the PD mouse model \[[@B39]\]. Thus, increased growth factor may phosphorylate GSK3β and ERK in the striatum and SN. Although, in this study, we could not examine the phosphorylation level of GSK3β and ERK in SNpc, it has been reported that growth factor expression in striatum protects 6-OHDA-induced dopamine cell death and improves behavioral performance than that in SN \[[@B40]\]. Thus, this suggests that inactivation of GSK3β in the striatum by exercise-induced growth factor may exert prevention of 6-OHDA-induced dopamine neuron death in SN through nigrostriatal dopamine system.

A consistent abnormality in PD is degeneration of dopaminergic neurons in the SN, leading to a reduction of stratial DA levels. As tyrosine hydroxylase catalyzes the formation of L-DOPA, the rate-limiting step in the biosynthesis of DA, TH-deficiency causes important clinical symptoms in PD \[[@B41]\]. In this study, we examined that exercise recovers 6-OHDA-induced TH cell loss in SN and striatal TH depletion. Moreover, exercise restored the number of amphetamine-induced rotations, which is concert with previous reports that amphetamine-induced rotation has been shown to correlate with both the extent of TH cell loss and the degree of striatal dopamine depletion \[[@B42],[@B43]\].

Skeletal muscle mass is maintained by a delicate balance between protein synthesis and protein breakdown and experiences hypertrophy or atrophy in response to altered functional demands by adjusting either side of this equilibrium \[[@B18],[@B44]\]. Triggered by extracellular signals such as growth factors and mechanical overloading, muscle can increase mass by changing the overall dimensions of its fibers \[[@B45],[@B46]\]. On the other hand, cued by a variety of stimuli ranging from immobilization, clinical application of corticosteroids, cachexia, and microgravity, to normal aging process \[[@B47],[@B48]\], skeletal muscle undergoes significant loss of mass. The signaling pathways that govern muscle hypertrophy and/or atrophy have yet to be fully defined. Recent research has identified Akt and its downstream signal cascades as pivotal regulators of muscle hypertrophy by enhancing protein synthesis and concomitant repression of protein breakdown \[[@B49],[@B50]\]. Moreover, inhibition of extracellular signal-regulated kinase 1/2 (ERK1/2) signaling in vitro and in vivo pronounced atrophy in both slow and fast muscles \[[@B51]\]. In concert with, we also examined the dephosphorylation of Akt and ERK in the atrophied soleus muscle, but exercise recovered that. Thus, these results suggest that exercise may recover hemi PD-induced atrophied muscle by activation of Akt and ERK.

It has been reported that low-intensity exercise could induce hindlimb muscle hypertrophy \[[@B52]\] and preferential atrophy muscle during hindlimb unweighting is a slow-twitch skeletal muscle, soleus in rats and mice \[[@B53]\]. Moreover, previously we reported that contralateral soleus muscle was only atrophied in the PD model \[[@B7]\]. Thus, in the present study, exercise recovers atrophied soleus muscle through increase of muscle mass and cross sectional area of type I and II in PD animal model and there was no difference of percentage changes between type I and Type II in the affected soleus; type I ratio of control (80.9±3.1) and exercise (83.68±3.2).

Our findings indicate that exercise recovers decreased weights and type I & II fiber cross-sectional area of the contralateral soleus as well as TH-positive cells in the 6-OHDA-induced hemi-Parkinson rat model. This study supports that exercise strengthens the weakened muscle as well as damaged brain in the Parkinson rat, which may also be beneficial to slow progression of PD.
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![Cross-sections of the hindlimb muscles in control (left) and exercise (right) rats. The first line is left (ipsilateral) soleus in control and exercise rats. The second line is left plantaris in control and exercise rats. The third line is right (contralateral) soleus in control and exercise rats. The fourth line is right plantaris in exercise and control rats. Dark=Type I muscle fiber, light=Type II muscle fiber (Myosin ATPase straining, 100×).](kjpp-16-305-g001){#F1}

![TH-specific immunohistochemical staining and the number of TH positive neurons in substantia nigra of unilateral 6-OHDA lesioned Parkinson rat. The data represent the means±SEM. ^\*^Significant difference between left and right SN in the control group and control and exercise group of 6-OHDA lesioned side (p\<.01).](kjpp-16-305-g002){#F2}

![TH-immunoblot in the striatum of unilateral 6-OHDA lesioned Parkinson rat. The striatum was lysed and inmmunoblotted with anti-TH antibody. The intensity of the TH bands was quantitated by densitometry and it was normalized versus the actin. The data are expressed as mean±SEM with 9 rats per group. ^\*^Significant difference between control and exercise group of 6-OHDA lesioned side (p\<.01).](kjpp-16-305-g003){#F3}

![ERK and GSK3β phosphorylation in the striatum of unilateral 6-OHDA lesioned Parkinson rat. The striatum was lysed and inmmunoblotted with pGSK3β or GSK3β (A), anti-pERK, ERK (B) antibody. The intensity of the protein bands was quantitated by densitometry and the phosphorylated form was normalized versus the total form. The data are expressed as mean±SEM with 9 rats per group. ^\*^Significant difference between left and right SN in the control group and control and exercise group of each side (p\<.01).](kjpp-16-305-g004){#F4}

![ERK and Akt phosphorylation in the soleus muscle of unilateral 6-OHDA lesioned Parkinson rat. (A) The soleus was lysed and inmmunoblotted with each antibody. The intensity of the protein bands was quantitated by densitometry and the phosphorylated form was normalized versus the total form. (B) The soleus was lysed and inmmunoblotted with anti-MHC antibody. The intensity of the protein bands was quantitated by densitometry and it was normalized versus the actin. The data are expressed as mean±SEM with 9 rats per group. ^†^Significant difference between left and right soleus in the control group, ^\*^Significant difference between control and exercise group of each side (p\<.01).](kjpp-16-305-g005){#F5}
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Amphetamine-induced rotation rate
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n, number of animals; C, control with Parkinson\'s disease; E, exercise with Parkinson\'s disease.

###### 

Pre-and post-experimental weight of rats in the control with PD and exercise with PD groups
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n, number of animals; C, control with Parkinson\'s disease; E, exercise with Parkinson\'s disease.

^\*^Significant difference between preweight & postweight (p\<.05).

###### 

Total amount of diet intake during the experimental period
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n, number of animals; C, control with Parkinson\'s disease; E, exercise with Parkinson\'s disease.

###### 

Muscle weight of hindlimb muscles of control (C) and exercise (E) groups
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n, number of animals; C, control with Parkinson\'s disease; E, exercise with Parkinson\'s disease.

^\*^Significant difference between E & C groups (p\<.05).

###### 

Cross-sectional area of hindlimb muscles of control (C) and exercise (E) groups
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n, number of animals.

^\*^Significant difference between C & E groups (p\<.05).
